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A precise measurement of the Higgs h → Zγ decay is very challenging at the LHC, due to the
very low branching fraction and the shortage of kinematic handles to suppress the large SM Zγ
background. We show how such a measurement would be significantly improved by considering
Higgs production in association with a hard jet. We compare the prospective HL-LHC sensitivity in
this channel with other Higgs production modes where h is fairly boosted, e.g. weak boson fusion,
and also to the potential h → Zγ measurement achievable with a future e+e− circular collider
(fcc-ee). Finally, we discuss new physics implications of a precision measurement of h→ Zγ.
The h → Zγ decay of the Higgs boson constitutes a
challenging collider measurement [1]. Current LHC con-
straints from ATLAS and CMS with 7 − 8 TeV Run 1
data are very weak [2, 3], and projections for the HL-LHC
with an integrated luminosity L = 3000 fb−1 yield a rela-
tive uncertainty on the h→ Zγ signal strength of at least
∆µ/µ ∼ 0.3 [4, 5]. This is much worse than the projected
precision in h→W+W−, ZZ, γγ, and also significantly
less precise than projections for the fermionic Higgs de-
cays h→ bb¯, τ+τ−, µ+µ−.
The main reason behind this poor sensitivity is the
very low Higgs branching ratio (BR) in the Standard
Model (SM) BR(h → `+`−γ) ' 10−4, together with the
shortage of kinematic handles in an inclusive search to
efficiently suppress the large SM (Z → `+`−)γ back-
ground. Consequently, attempts to measure BR(h →
Zγ) in inclusive Higgs production (i.e. without relying on
the presence of additional jets) suffer from a small signal-
to-background ratio S/B < 10−2 [4] and have to rely on
a very large integrated luminosity, as foreseen for the
HL-LHC, to allow for data-driven background estimates
that ameliorate the effect of systematic background un-
certainties in presence of small S/B.
In this letter we show that it is possible to significantly
improve on the precision for this measurement at the
LHC by considering Higgs production in association with
a hard jet. We detail the kinematical advantages this en-
tails in terms of signal to background discrimination, and
compare the projected sensitivity with the one obtained
via other Higgs production modes, particularly weak bo-
son fusion (WBF). We further compare the achievable
precision in determining BR(h → Zγ) at the HL-LHC
with that of a future e+e− circular collider (hereinafter
fcc-ee), which would benefit from a very large amount of
integrated luminosity while on the other hand providing
a smaller e+e− → Zh Higgs production cross section.
Finally, we discuss potential implications of a precision
h → Zγ measurement for new physics beyond the SM.
In particular, we show the potential gain of studying the
decays h → γγ and h → Zγ in concert to probe the
quantum numbers of new charged particles that couple
to the Higgs boson, in a rather model-independent way.
Boosting h→ Zγ with Jets at the LHC
(i) Higgs production in association with a hard jet
We here focus on the production process pp→ h j with
the subsequent Higgs decay h→ (Z → `+`−)γ, aiming to
exploit the characteristic decay pattern of a resonance to
separate the small signal from the large SM background.
As the signature consists of a jet, two charged leptons
and a photon, the entire final state can be reconstructed
using objects with small fake rates. Thus, reducible back-
grounds are rendered negligible and the only relevant SM
background process to consider is Zγ+jets [2, 3].
The production of h in association with a boosted jet in
the present context provides two major kinematical ad-
vantages as compared to the inclusive search: (i) While
for the signal the invariant mass m``γ distribution peaks
around mh ' 125 GeV irrespectively of the transverse
momentum of the extra jet pjT , for the background the
two variables are correlated and m``γ shifts to larger val-
ues as pjT increases, moving away from the signal. (ii) A
rather soft photon is expected for the SM background as
it dominantly comes from initial state radiation. This is
mildly independent of the value of pjT . In contrast, for
the signal the values of pjT and p
γ
T are highly correlated,
as γ inherits part of the large Higgs boost in events with
a hard jet. These two effects, highlighted in Figure 1,
allow to significantly improve the sensitivity to h→ Zγ,
as shown below.
We generate the SM signal and background using
MadGraph aMC@NLO [6] including finite top mass
effects and showering the partonic process with Pythia
8 [7]. Both signal and background are normalized to their
NLO cross section values using a flat k-factor, k = 2.0
for the signal [8] (see also [9]) and k = 1.5 for the back-
ground [10]. For event selection we require two isolated
leptons with p`T > 10 GeV, |y`| < 2.5 and one isolated
photon with pγT > 20 GeV, |yγ | < 2.5. Leptons (pho-
tons) are considered isolated if the hadronic energy de-
posit within a cone of size R = 0.3 is smaller than 10% of
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2the pT of the lepton (photon) candidate. Jets are defined
using the anti-kT recombination algorithm with R = 0.4,
with pjT ≥ 50 GeV and |yj | ≤ 4.5.
With two charged isolated leptons and a photon the
final state has a high trigger efficiency. To reconstruct
the Higgs and Z bosons we further require 80 GeV ≤
m`` ≤ 100 GeV and 115 GeV ≤ m``γ ≤ 135 GeV. As
the invariant masses in the case of the signal are insen-
sitive to the boost of h and Z bosons, analyzing the ef-
fect of an increasing jet pjT on the the shape of the m``γ
background distribution will help improving the signal-
to-background ratio S/B. We perform a varying selection
on pj1T (j1 being the leading jet in transverse momentum
in the event), requiring pj1T > p
jcut
T with three reference
pjcutT values p
jcut
T = 50, 100, 180 GeV. After selection
cuts, these yield rather small event rates, as shown in
Table I. We observe that increasing the value of pjcutT
from 50 to 180 GeV improves S/B from 0.7% to 2.3%,
but at the expense of reducing the statistical significance
measured in S/
√
B.
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FIG. 1. m``γ ≡ mH (top) and pγT (bottom) distributions after event selection (for m``γ the requirement 115 GeV ≤ m``γ ≤ 135
GeV is not applied). Distributions are shown for three reference cuts of the transverse momentum of the leading jet: pj1T > 50
GeV (left), pj1T > 100 GeV (middle) and p
j1
T > 180 GeV (right).
σS (fb) σB (fb) S/B S/
√
B (L = 3000 fb−1)
Event Selection 0.424 61.515 0.0069 2.96
pjcutT = 50 GeV m``γ ∈ [122, 128] GeV 0.408 12.243 0.033 6.39
pγT ≥ 35 GeV 0.250 4.413 0.057 6.52
Event Selection 0.131 10.14 0.0129 2.25
pjcutT = 100 GeV m``γ ∈ [122, 128] GeV 0.125 1.974 0.063 4.88
pγT ≥ 40 GeV 0.087 0.775 0.112 5.41
Event Selection 0.034 1.446 0.0232 1.53
pjcutT = 180 GeV m``γ ∈ [122, 128] GeV 0.032 0.297 0.108 3.23
pγT ≥ 45 GeV 0.024 0.120 0.203 3.86
TABLE I. 13 TeV LHC cross section (in fb) for SM signal σS and background σB after event selection, Higgs mass window cut
m``γ ∈ [122, 128] GeV and a further sliding cut on pγT , respectively for a leading jet transverse momentum cut pjcutT = 50, 100,
180 GeV. The values of signal-to-background S/B and statistical significance S/
√
B (for L = 3000 fb−1) at each stage of the
analysis are also shown.
3Further SM background suppression may be achieved
by imposing a tighter Higgs invariant mass window
m``γ ∈ [122, 128] GeV in accordance with [4]. As shown
in Figure 1, this is more efficient for higher values of pj1T .
In addition, a harder cut on pγT correlated with the value
of pjcutT yields a further background reduction, as can be
seen from Figure 1 (bottom).
The results in Table I show that requiring the Higgs to
be produced in association with a moderately boosted
jet, such that pjcutT ∈ [50, 100] GeV, significantly im-
proves both S/B and S/
√
B with respect to the inclu-
sive search. The results also show that the potentially
achievable value of S/B increases with larger pjcutT , how-
ever at the expense of a lower significance S/
√
B due to
the very small signal cross section at the LHC. A high
value pjcutT > 100 GeV would then be particularly help-
ful if the measurement of h → Zγ at the HL-LHC is
systematically limited.
(ii) Higgs production in weak boson fusion
We now explore alternative Higgs production modes
at the LHC which yield a fairly boosted Higgs boson,
together with a not-so-small cross section. These two
requirements single out the WBF topology1, where the
Higgs boson recoils against two highly energetic forward
jets, as the only alternative to the h+jet Higgs produc-
tion mode analyzed in the previous section. Our signal
corresponds to Higgs production in association with two
jets, both in WBF and in gluon fusion (GF), while the
relevant SM background is Zγjj (Z → `+`−).
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FIG. 2. m``γ ≡ mH (left), mjj (middle) and p``γT ≡ phT (right) distributions for signal (WBF and GF) and background after
event selection (for m``γ the selection 115 GeV ≤ m``γ ≤ 135 GeV is not imposed).
Event Selection m``γ ∈ [122, 128] GeV |∆yjj | > 3.0 phT > 80 GeV
σWBF (fb) 0.041 0.039 0.027 0.0208
σGF (fb) 0.051 0.049 0.011 0.0084
σB (fb) 12.168 3.753 0.373 0.1512
S/B 0.0076 0.0236 0.102 0.193
S/
√
B (3000 fb−1) 1.44 2.51 3.40 4.11
TABLE II. 13 TeV LHC cross section (in fb) in the `+`−γjj final state for WBF signal σWBF, GF signal σGF and background
σB after event selection, Higgs mass window cut m``γ ∈ [122, 128] GeV and further WBF selection cuts |∆yjj | > 3.0 and
phT > 80 GeV. The values of signal-to-background S/B and statistical significance S/
√
B (for L = 3000 fb−1) at each stage of
the analysis are also shown.
We adopt the same event generation and event selec-
tion criteria as in the previous Section, i.e. p`T > 10
GeV, |y`| < 2.5, pγT > 20 GeV, |yγ | < 2.5, as well as
the invariant mass windows 80 GeV ≤ m`` ≤ 100 GeV,
115 GeV ≤ m``γ ≤ 135 GeV. For the R = 0.4 anti-kT
jets we require pjT ≥ 50 GeV, |yj | ≤ 4.5 and ∆Rjj ≥ 2.0.
1 We note that h→ Zγ in WBF has already been initially studied
in [11].
Since NLO QCD corrections to weak boson fusion are
known to be relatively small [12, 13], we adopt a k-factor
k = 1.0 for WBF, which we conservatively extend to the
(subdominant after cuts) GF signal contribution. Sim-
ilarly, we use a flat NLO k-factor k = 1.2 for the SM
background [14].
The mjj , p
``γ
T ≡ phT and m``γ distributions (the lat-
ter without imposing 115 GeV ≤ m``γ ≤ 135 GeV) af-
ter event selection for WBF, GF and the background
are shown in Figure 2. To improve our signal sensi-
4tivity we further require a tight Higgs mass window
m``γ ∈ [122, 128] GeV as well as WBF selection cuts2
|∆yjj | > 3.0 and phT > 80 GeV. The results for S/B and
S/
√
B are shown in Table II, where it becomes clear that
WBF does not perform as well as h+jet in terms of sen-
sitivity to h → Zγ. Still, a hypothetical combination of
sensitivities between h+jet and WBF Higgs production
(we perform a naive combination in quadrature) could
yield S/
√
B ∼ 7.7, improving over the h+jet alone.
h→ Zγ at Future e+e− Colliders
We now explore the sensitivity to the decay h → Zγ
that could be obtained for a future e+e− collider. We fo-
cus on a circular e+e− collider (hereinafter fcc-ee) in two
configurations: a c.o.m. energy of
√
s = 240 GeV, with
a projected integrated luminosity of 10 ab−1 [15], and a
c.o.m. energy of
√
s = 350 GeV, with a projected inte-
grated luminosity of 2.6 ab−1 [15]. The Higgs production
process considered is e+e− → Zh, which has the highest
cross section for an e+e− collider with the chosen c.o.m.
As compared to LHC, searches for h→ (Z → `+`−)γ at
fcc-ee take advantage of the large amount of integrated
luminosity as well as the presence of the extra Z boson
in the process. In order to maximize the sensitivity, we
jointly consider the final states3 Z → jj, `+`− for the
extra Z boson. The dominant SM background is the ir-
reducible e+e− → ZZγ, with ZZ → 2` 2j, 4`.
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FIG. 3. Signal and background distributions for fcc-ee
√
s = 240 GeV (top) and
√
s = 350 GeV (bottom) after event selection:
m``γ ≡ mH (left) without imposing the selection 115 GeV ≤ m``γ ≤ 135 GeV. pγT (middle) after requiring m``γ ∈ [122, 128]
GeV. p``γT ≡ phT (right) after requiring m``γ ∈ [122, 128] GeV.
σS (fb) σ
ZZγ
B (fb) S/B S/
√
B
Event Selection 0.0154 1.542 0.01 1.24√
s = 240 GeV m``γ ∈ [122, 128] GeV 0.0154 0.220 0.07 3.28
(L = 10 ab−1) pγT > 20 GeV 0.0116 0.103 0.113 3.62
Event Selection 0.0107 2.123 0.005 0.37√
s = 350 GeV m``γ ∈ [122, 128] GeV 0.0107 0.125 0.086 1.54
(L = 2.6 ab−1) pγT > 20 GeV, phT > 90 GeV 0.0071 0.020 0.354 2.56
TABLE III. fcc-ee cross section for signal and background after event selection, Higgs mass window cut m``γ ∈ [122, 128] GeV
and further selection cuts pγT > 20 GeV, p
h
T > 90 GeV. Values of S/B and S/
√
B at each stage of the analysis are also shown.
2 After these two cuts, a potential mjj > 300 GeV cut has only a
mild impact on S/B.
3 The Z → νν¯ final state suffers from the large SM background
e+e− → W+W−γ (W+W− → 2` 2ν), and thus we do not con-
sider it here. Still, its addition could mildly improve the sensi-
tivity to h→ Zγ.
5We consider unpolarized e+e− beams [15, 16], and as
in the previous Section we generate the signal and back-
ground with MadGraph aMC@NLO and shower the
partonic process with Pythia 8. For event selection we
require for the leptons p`T > 10 GeV, |y`| < 2.5, for the
photon pγT > 10 GeV, |yγ | < 2.5, and for the jets (for
Z → jj) pjT > 20 GeV and |yj | < 5, and further require
m`` ∈ [80, 100] GeV, mjj ∈ [80, 100] GeV.
The cross section for the signal e+e− → Zh is σZh =
0.193 pb (σZh = 0.132 pb) for
√
s = 240 GeV (
√
s = 350
GeV). After the decay h → `+`−γ we then expect ∼
154 signal events with L = 10 ab−1 for √s = 240 GeV,
and ∼ 28 signal events with L = 2.6 ab−1 for √s =
350 GeV, which means that tight cuts are not helpful in
extracting the signal due to the very small cross section.
Cross sections for the SM signal and background after
event selection are shown in Table III. As in the previous
Section, we define our Higgs mass signal region as m``γ ∈
[122, 128] GeV. In order to further increase S/B in the
signal region we require pγT > 20 GeV (for
√
s = 240, 350
GeV), together with phT > 90 GeV (only for
√
s = 350
GeV). The invariant mass distribution m``γ as well as the
pγT and p
h
T distributions in the signal region are shown in
Figure 3.
The results in Table III show that, while the values of
S/B achievable by a future fcc-ee machine in the mea-
surement of h → Zγ may be higher than those of LHC
(for
√
s = 350 GeV), a precise measurement at fcc-ee
is limited by statistics, and the projected signal signifi-
cance at the HL-LHC in the h+jet production channel is
significantly larger.
Probing New Physics with h→ Zγ
Precisely measuring the 125 GeV Higgs boson signal
strengths in the h → Zγ and h → γγ final states could
reveal the existence of new charged particles coupled to h
(see e.g. [17–19]). While the results of the above sections
show that a precise measurement of the signal strength
for h → Zγ is possible at the LHC (and to a lesser
extend, at a future fcc-ee collider), the achieved preci-
sion in the measurement of the h → γγ signal strength
will be much higher in both colliders, and as such new
charged particles coupled to the Higgs would first man-
ifest themselves via a deviation in the h → γγ channel
w.r.t. the SM value. Still, the precise measurement of the
h→ Zγ signal strength would yield valuable complemen-
tary information to the h → γγ channel, regarding the
SU(2)L×U(1)Y quantum numbers of these new charged
particles.
Let us consider the partial widths Γ(h → γγ) ≡ Γγγ
and Γ(h→ Zγ) ≡ ΓZγ in the presence of a BSM contri-
bution encoded in the effective operators
κB
αEM
8piv c2W
BµνB
µν , κW
αEM
8piv s2W
W aµνW
µν
a . (1)
with sW (cW ) being the sine (cosine) of the Weinberg
angle. The partial widths read
Γγγ =
α2EMm
3
h
256pi3v2
∣∣∣∣∣∣κW + κB − F1(τW )−
∑
f
3Q2fF1/2(τf )
∣∣∣∣∣∣
2
(2)
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α2EMm
3
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1− m
2
Z
m2h
)3 ∣∣∣∣∣∣t−1W κW − tWκB −AW (τW , λW )−
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Qf (2I
3
f − 4Qfs2W )
cW
Af (τf , λf )
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2
(3)
with Qf and I
3
f the electric charge and third component
of weak isospin of the SM fermions f entering the h→ γγ
and h → Zγ loops. The form factors F1(x), F1/2(x),
AW (x, y), Af (x, y) are given in [20] (see also [21]), with
τi = 4m
2
i /m
2
h and λi = 4m
2
i /m
2
Z .
For h→ γγ, Higgs signal strength measurements with
7 - 8 TeV LHC data yield a signal strength value µγγ =
1.17 ± 0.27 [22]. For 14 TeV LHC with 3000 fb−1 the
projected signal strength sensitivity is ∆µγγ = 0.04 [5].
From the present analysis, for the HL-LHC with 3000
fb−1 the projected signal strength sensitivity in h→ Zγ
(combining the results from h+jet and WBF Higgs pro-
duction) is ∆µZγ ' 0.13 neglecting systematic uncer-
tainties (∆µZγ ' 0.2 considering the same amount of
systematics as in [4]). In order to illustrate the poten-
tial gain of studying the decays h → γγ and h → Zγ
in concert, let us consider two alternative hypothetical
scenarios:
(i) No deviation in µγγ and µZγ w.r.t. to the SM is mea-
sured at the HL-LHC.
(ii) A deviation in µγγ w.r.t. to the SM is measured
at the HL-LHC. We choose µγγ = 1.17 (correspond-
ing to the LHC Run 1 central value for the signal
strength), and consider three possible measured values
µZγ = 0.5, 0.65, 0.8 at the HL-LHC.
In these two scenarios, we then show in Figure 4 the
would-be 95 % C.L. limits in the (κW , κB) plane from a
χ2 fit (assuming for simplicity no systematic uncertain-
ties in the HL-LHC measurement of µZγ). For scenario
6(i) (Figure 4, Top) the combination of µγγ and µZγ con-
strains a blind direction (present for µγγ only) in the
(κW , κB) plane, limiting κB to the range [−1.42, 1.58]
and κW to the range [−1.32, 1.17] at 95 % C.L. We also
show for comparison the corresponding would-be con-
straint (dashed-blue) from an inclusive measurement of
µZγ with projected incertainty ∆µZγ ∼ 0.3 [5]. For sce-
nario (ii) (Figure 4, Bottom), the combination of µγγ
and µZγ allows to extract bounds on the SU(2)L×U(1)Y
properties of the would-be charged particle(s) responsi-
ble for the signal strength deviations. The ratio κB/κW
is given by
κB
κW
≡ tan(Θ) = 12 Y
2
(N − 1)(N + 1) (4)
where Y is the hypercharge of the new charged particle
and N = 1, 2, 3, 4... denotes its SU(2)L representation
(1 = singlet, 2 = doublet, 3 = triplet...). The notation
κB/κW = tan(Θ) has been introduced for convenience
(see e.g. [23]). The measurements µZγ = 0.5, 0.65, 0.8
respectively yield the bounds Θ ∈ [2.39, 3.07], Θ ∈
[2.40, 4.55], Θ ∈ [2.43, 5.22] at 95 % C.L. In the first
two cases the SU(2)L singlet hypothesis (Θ = pi/2, 3pi/2)
would be disfavoured at more than 2σ by means of the
combined µZγ , µγγ measurement, while in the first case
the Y = 0 hypothesis (Θ = 0, pi) would also be dis-
favoured at more than 2σ.
Before concluding, it is also important to stress that
the h → Zγ decay is also a potential window into new
physics in other contexts: Interference effects involving
h → Zγ have been studied in [24–27] as a future probe
of the CP properties of the 125 GeV Higgs boson, and
improving the sensitivity to h → Zγ could also improve
some of these measurements. Similarly, precise measure-
ments of h→ Zγ would also allow to constrain the pres-
ence of light pseudoscalars a to which the Higgs can de-
cay (via h → Z a), for a dominant pseudoscalar decay
a → γγ (see e.g. [28, 29]) with two very collimated pho-
tons (which do not get resolved in the detector).
Conclusions
The decay h→ Zγ is very challenging to measure pre-
cisely at the LHC or a future e+e− collider. In this work
we have shown that considering Higgs production in as-
sociation with a moderately boosted jet at the LHC can
significantly improve the sensitivity in this channel com-
pared to the inclusive measurement, due to kinematic
(de)correlations among pjT , m``γ and p
γ
T for signal and
background in the ``γ+j final state. By combining these
measurements with those of h → Zγ in the (less sen-
sitive) weak boson fusion Higgs production channel, we
show that it could be possible to achieve ∆µZγ ∼ 0.13 (in
the absence of systematic uncertainties) at the HL-LHC
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FIG. 4. 95 % C.L. bounds in the (κW , κB) plane from mea-
surements of Higgs signal strengths µγγ (red) and µZγ (blue)
at HL-LHC. Top: Assuming measured central values µγγ = 1,
µZγ = 1 (no deviations from SM). For, µγγ , we show the
comparison of the present analysis (solid) with an inclusive
measurement (dashed). Bottom: Assuming measured central
values µγγ = 1.17 and µZγ = 0.5, 0.65, 0.8, respectively solid,
dashed, dot-dashed.
with L = 3000 fb−1. We have also illustrated the poten-
tial of such a measurement to probe new physics scenar-
ios, particularly to gain information on the SU(2)×U(1)
quantum numbers of would-be charged particles coupled
to the Higgs.
Finally, we want to stress that the h → Zγ measure-
ment strategy in h+jet discussed here, while yielding fair
precision at the HL-LHC, could be optimally exploited at
a 100 TeV proton-proton collider (fcc-pp) (see e.g. the
discussion in Section 4.2.3 of [30]) due to the much higher
h+jet cross section (particularly at high pjT ), allowing for
a very strong background suppresion without being sta-
tistically limited by the small LHC cross sections. We
7leave a detailed study of 100 TeV prospects for h → Zγ
and its phenomenological implications for the future.
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